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1.  INTRODUCTION 


The  radiation  behind  a  shock  wave  in  a  shock  tube  has  frequently  been  used  to  simulate  the 
radiation  behind  the  bowshock  of  a  missile.  A  simulation  of  this  type  was  performed  in  a  CUBRC 
program  sponsored  by  the  Army  Research  Office^  where  the  missile  velocity  was  in  the  range  of 
3-4  km/s  at  altitudes  above  40  km.  The  purpose  of  that  program  was  to  determine  the  ultraviolet 
emission  that  could  be  expected  from  a  planned  flight  experiment2»3.4,  and  to  gain  a  fundamental 
understanding  of  the  physical  processes  that  cause  the  radiation.  The  experiments  were  performed 
for  a  range  of  C)2/N2  mixtures  and  shock  velocities,  and  the  ultraviolet  and  infrared  radiation  was 
measured.  The  purpose  of  the  work  reported  here  is  to  provide  further  analysis  of  the  time  history 
of  the  infrared  radiation  that  was  observed  in  these  shock-tube  experiments,  and  to  elucidate  the 
kinetic  mechanisms  behind  the  shock  front 

In  Ref.  S,  Comae  et  al  reported  a  set  of  shock-tube  experiments  in  air  in  the  same  velocity 
and  density  range  as  those  of  Ref.  1.  An  earlier  set  of  chemical  rate  constants  suggested  by  Wray* 
was  modified  by  Camac  et  al  based  on  their  time  history  of  the  infrared  radiation.  Using  these 
rates,  calculated  infrared  radiation  profiles  did  not  reproduce  the  experimental  results  of  Ref.  1.  In 
particular,  the  Camac  rates  did  not  produce  the  maxima  of  NO  infrared  radiation  that  were 
obsc'  'ed.  In  the  present  study  a  wide  range  of  chemical  rates  was  explored,  and  the  effect  of 
vibration-dissociation  coupling  in  the  chemical  reactions  was  also  investigated.  Rates  giving  the 
best  agreement  with  experiment  are  presented. 

In  Section  2  the  infrared  data  of  Ref.  1  are  reviewed.  In  Section  3  the  chemical  variables 
that  are  available,  for  adjustment  are  specified.  In  Section  4  the  general  relaxation  process  is 
described,  and  in  Section  5  the  effect  of  specific  changes  in  the  rate  constants  is  demonstrated. 
Section  6  summarizes  the  analysis  and  presents  the  conclusions  of  the  study. 

2 .  EXPERIMENTAL  DATA 

The  data  that  are  examined  in  the  present  study  were  obtained  in  sixteen  shock-tube 
experiments  that  used  several  different  N2/O2  mixtures.  Twelve  of  these  experiments  involved 
shock  waves  into  gas  mixtures  at  2.25  toir  pressure  (40  km),  and  the  mixture  ratios,  shock 
velocities  and  run  numbers  are  listed  in  Table  1. 


I 


5%  02/95%N2 

22.3%02/77.7%N2 

40%02/60%N2 

Velocity 

km/sec 

Run  # 

Velocity 

km/s 

Run  # 

Velocity 

km/s 

Run  # 

3.87 

147 

3.85 

132 

3.85 

135 

3.49 

146 

3.52 

133 

3.47 

137 

3.15 

145 

3.26 

134 

3.24 

136 

2.97 

144 

2.99 

141 

3.06 

139 

TABLE  1.  Shock- wave  experiments  ^  into  gas  at  po=2.25  torr. 

The  measured  infrared  radiation  profiles  for  the  experiments  are  given  in  Ref.  I ,  and  are 
reproduced  in  Appendix  A.  A  smooth  line  is  drawn  through  each  profile.  These  lines  arc  used  to 
represent  the  experiments  in  subsequent  comparisons  with  calculated  profiles. 

Test  conditions  for  the  other  four  experiments  are  given  in  Table  2,  with  initial  pressures  of 
4  torr  (36  km),  and  1  torr  (46  km).  Results  for  the  experiments  shown  in  Table  2  were  not 
included  in  Ref  1,  but  arc  shown  in  Appendix  A. 


Mixture 


Run  # 


1.0 

3.02  km/s 

149 

1.0 

3.15  km/s 

150 

4.0 

3.57  km/s 

143 

HSIISSIBSB 

4.0 

3.60  km/s 

142 

TABLE  2.  Shock- wave  experiments  with  po  =  1.0  and  4.0  torr. 

As  described  in  Ref.  1,  the  observed  in-band  infrared  radiation  is  related  to  the  NO 
concentration  and  the  gas  translational  temperature  through  the  relation 


S=1.29  X  10'^°  L  hno  (1  -  3.21  x  lO"^  (T-3000)l 


cm‘‘  sr 


with  nNo  in  molccules/cm^.  L  in  cm  and  T  in  degrees  Kelvin.  For  these  experiments.  L.  the  shiKk- 
tubc  diameter,  has  the  value  of  7.62  cm.  Throughout  this  report,  the  experimental  radiation  profiles 


have  been  compared  with  proHles  of  S/L  calculated  from  Eq.  1  and  values  of  uno  and  T 
determined  by  the  Marrone-Gan^^  normal  shock  program, 

3 .  CHEMICAL  EQUATIONS 


The  gas  behind  the  shock  wave  is  heated  to  high  temperatures  (4000-8000K),  and  the  O2 
and  N2  react  chemically  to  form  oxygen  and  nitrogen  atoms,  nitric  oxide,  nitric  oxide  ions,  and 
electrons.  The  rate  at  which  the  chemical  reactions  occur  was  calculated  with  the  Marrone-Garr 
normal-shock  program^.  The  reactions  considered  are  shown  in  Table  3: 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 


02  +  0. 

<v> 

20  +  0 

02  +  02 

<--> 

2O  +  O2 

02+M 

20  +  M 

N2  +  N 

<-> 

2N  +  N 

N2  +  N2 

<”> 

2N  +  N2 

N2  +  M 

<"> 

2N  +  M 

NO  +  M 

N  +  O  +  M 

N  +  O2 

<"> 

NO  +  r 

O  +  N2 

<"> 

NO+N 

NO+  +  e 

<"> 

N  +  0 

TABLE  3.  Chemical  Reactions 


The  reaction  rate  for  each  reaction  is  represented  in  the  form 

ki=AiT®i  c’Q^  (2) 

and  M  is  taken  to  represent  all  species  not  specified  in  parallel  reactions.  In  the  temperature  and 
pressure  range  of  these  experiments,  the  chemistry  is  dominated  by  Reactions  1, 2, 3, 8  and  9. 

The  normal-shock  program^  uses  a  single  rotational-translational  temperature,  but  allows 
for  vibrational  relaxation  of  the  molecular  species.  Each  species  relaxes  with  a  single  vibrational 
relaxation  time,  and  sustains  a  distinctive  vibrational  temperature  during  relaxation,  relaxing 
according  to  the  relation 


(3) 


dE  (Ty,)  _  e  (T)  -  e  (Ty,) 
dt  ti  (T) 

e(Tvj)  is  the  vibrational  energy  of  species  i  at  vibrational  temperature  Tvj,  and  e(T)  is  the 
vibrational  energy  it  would  have  at  the  translational-rotational  temperature  T.  Xi  is  the  single 
vibrational  relaxation  time  for  the  i^  species.  The  product  of  the  relaxation  time  and  the  pressure  in 
the  shock  tube  is  taken  in  the  form 


Xik  p  =  auc  (atm-s)  (4) 

where  the  constants  a,  b  and  c  depend  on  the  relaxing  molecule  (i)  and  the  colliding  molecule  (k). 
A  compilation  of  experimental  values  of  coefficients  is  given  in  Ref.  7. 

4.  RELAXATION  PROCESS  BEHIND  SHOCK  WAVES 

A  shock  wave  into  an  O2/N2  mixture,  in  the  3-4  km/s  velocity  range,  is  known  to  produce 
the  following  chemical  sequence.  The  temperature  is  very  high  immediately  behind  the  shock,  and 
O2  and  N2  begin  vibrational  relaxation.  The  O2  begins  to  dissociate  (Reactions  1-3),  and  this 
dissociation  can  be  delayed  for  a  time  of  the  order  of  the  O2  vibrational  relaxation  time  by  the  effect 
of  vibration-dissociation  coupling.  The  oxygen  atoms  produced  from  this  dissociation  react  with 
N2  in  an  endothermic  reaction  to  form  nitric  oxide  and  nitrogen  atoms  (Reaction  9).  As  pointed  out 
in  the  analysis  which  follows,  this  reaction  can  be  delayed  for  a  time  of  the  order  of  the  N2 
vibrational  relaxation  time  by  vibration-  dissociation  coupling.  As  nitrogen  atoms  are  formed,  they 
reaa  quickly  in  an  exothermic  reaction  with  O2  (Reaction  8)  to  form  NO  and  oxygen  atoms. 

This  sequence  of  Reactions  9  and  8  can  be  described  by 

Reaction  9  O  +  N2  <”"  NO  +  N 

Reaction  8  N  +  O2  NO  +  O 


1  .  _L  "noHn 
Ko  nonN2 


(5) 
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where  Kg  and  K9  are  the  equilibrium  constants  for  Reactions  8  and  9. 

Since  Reaction  9  is  the  only  appreciable  source  of  nitrogen  atoms  (Reactions  4  through  7 
are  relatively  slow  at  these  temperatures),  a  quasi-steady  state  is  soon  established  by  Reactions  8 
and  9,  in  which  Qs  =  Q9.  Setting  these  terms  equal,  using  this  relation  to  eliminate  on  in  one  of  the 
equations  and  using  the  relation 

dn^Q  _  jdAMoj  ^  jdnjjQj 

gives 

In  the  early  part  of  the  reaction  the  value  of  njsjo  i*'  small,  and  the  second  term  in  the 
numerator  is  negligible.  The  derivative  dn^o/dt  increases  as  no  increases.  As  hno  becomes 
appreciable,  the  numerator  factor  (no2nN2  *  (nNO)^AKgK9)]  begins  to  decrease,  so  that  dnNo/dt 

reaches  a  maximum  and  then  decreases.  When  the  numerator  reaches  zero,  dnNo^dt  is  zero,  and 
ni>4o  is  at  its  maximum  value.  Following  this  the  numerator  is  negative,  and  nNO  decreases. 
Finally,  the  numerator  again  becomes  equal  to  zero  when  n^o  reaches  its  equilibrium  value. 

In  all  of  the  experiments  this  sequence  of  growth  of  NO  radiation  to  a  maximum  and 
subsequent  relaxation  to  equilibrium  is  clearly  shown  in  the  radiation  records.  The  mild 
temperature  effect  (Eq.  1)  does  not  change  these  general  features.  The  salient  reference  points  in 
this  process  are  shown  in  Figure  1. 

5 .  RATE  CONSTANT  VARIATIONS 

There  is  general  agreement  among  previous  research  results  regarding  the  values  of  the 
constants  Bi  and  Ci  to  be  used  in  Eq.  2.  In  the  present  work,  the  values  of  Ai  were  systematically 
varied  to  ascertain  the  effect  on  the  NO  infrared  radiation.  However,  variation  of  these  constants 
did  not  lead  to  a  single  set  of  values  which  produced  results  consistent  with  all  of  the  experiments. 
The  effect  of  vibration-dissociation  coupling  was  then  considered,  and  this  provided  a  striking 
improvement  when  coupling  of  N2  vibration  in  Reaction  9  (N2  O  <---  NO  -»■  .N)  was  included. 


It  was  still  not  possible,  however,  to  fit  data  for  the  different  C)2/N2  mixtures  with  a  single  set  of 
rate  constants.  Since  the  effects  of  O2  and  O  as  collision  partners  in  providing  N2  vibrational 
relaxation  are  known  to  be  faster  than  that  of  N2,  variations  in  these  values  were  considered.  It  was 
found  that  if  O2  and  O  are  taken  to  be  more  effective  than  N2  in  the  vibrational  relaxation  of  N2, 
greatly  improved  agreement  can  be  obtained.  The  separate  steps  in  the  data  analysis  are  described 
below. 


As  discussed  in  Ref.  1,  Camac  et  al^  reports  a  series  of  infrared  experiments  in  the  same 
velocity/density  range  as  those  in  Ref.  1.  They  concluded  that  the  best  values  for  the  reaction  rate 
constants  were  those  given  in  Table  4. 


Reaction 

A 

B 

C 

1 

1.5  X  10-4 

-1.0 

59380 

2 

5.4  X  10-5 

-1.0 

59380 

3 

1.2  X  10-5 

-1.0 

59380 

4 

6.8  X  10-2 

-1.5 

113200 

5 

8.0  X  10-2 

-0.5 

113200 

6 

3.2  X  10-2 

-0.5 

113200 

7 

6.6  X  10-4  • 

-1.5 

75490 

8 

2.2  X  10-J4 

1.0 

3565 

9 

5.0  X  10-J‘ 

0 

38016 

10 

9.0  X  10-5 

-1.5 

0 

TABLE  4.  Reaction-Rate  Constants,  Camac  el  al^  kf,  \T®e"^^  (cm^/molec-s) 
♦  This  number  was  reported  incorrectly  in  Ref.  1 . 


These  rates,  however,  when  used  to  calculate  the  NO  infrared  radiation,  gave  results  much 
different  from  the  Ref.  1  data.  As  shown  in  Figure  2.  the  rates  of  Table  4  do  not  pnxluce  the 
maxima  that  are  shown  in  many  of  the  experimental  profiles,  and  give  a  poor  representation  of  the 
rate  of  growth. 

The  rates  recommended  by  Camac  et  al^  were  a  modification  of  tho.se  suggested  by  Wray^. 
The  modifications  c'onsisted  of  elimination  of  the  reaction 

N2  +  O2  ”  2N0  (9) 
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based  on  a  separate  set  of  experiments,  and  a  decrease  in  Wray's  value  of  A9  by  a  factor  of  2.3. 
The  decriase  in  A9  was  suggested  in  order  to  explain  the  long  incubation  times  observed  in  the 
experiraents  of  Ref.  5.  The  effect  on  the  longer-time  history  of  the  radiation  was  not  considered, 
because  at  longer  times  the  radiation  was  thought  to  be  affected  by  boundary-layer  growth  in  the 
small  (1.5  inch)  diameter  shock  tube. 

In  fact,  Wray's  value  of  A9  (and  elimination  of  the  reaction  shown  in  Eq.  9)  gives  a  much 
better  fit  to  the  data  of  Ref.  1,  as  shown  in  Figure  3.  The  larger  value  of  A9  results  in  NO  radiation 
maxima  that  are  not  present  with  calculations  using  the  Ref.  1  value.  However,  the  details  do  not 
agree  with  the  experiments,  especially  at  the  lower  speeds. 

More-recent  experiments  to  measure  the  value  of  A9  have  been  reported  by  Monat  et  al^. 
These  experiments  gave  a  value 

A9  =  3.0  X  10'*®  cm^/  molec-s  (10) 

This  value  provides  a  better  fit  to  the  experiments,  especially  at  the  lower  speeds,  as  shown  in 
Figure  4.  However,  at  the  higher  speeds,  particularly  at  the  lower  oxygen  concentrations,  it 
produces  a  much-too-rapid  rise  in  NO,  and  too  large  a  maximum.  The  Monat  value  of  A9  was 
retained  in  subsequent  calculations. 

A  recent  experiment  was  performed  by  Jerig  et  al*®  to  measure  the  dissociation  rate  of  O2  in 
collisions  with  N2.  They  report  a  value  for  A02-N2  of 

A02-N2  =  5.6  X  10'^  ( ±  25  %  )  cm^-°K  /  molec-s  (11) 

which  is  about  half  the  Camac  value.  Use  of  this  value  in  Reaction  3  decreases  the  rate  of 
production  of  oxygen  atoms  at  very  early  times,  but  Reaction  8  soon  becomes  the  dominant  O- 
atom  producer,  and  there  is  little  net  effect  on  the  NO  production.  Results  are  shown  in  Figure  S. 
Therefore  at  this  point  the  higher  Camac  value  of  A3  was  restored  to  the  rate  model  for  further 
attempts  to  fit  the  experimental  data. 

The  next  variation  th;*!  was  considered  was  the  effect  of  vibration  -  dissociation  coupling. 
The  simplest  model  that  encompasses  this  effect  is  that  suggested  by  Park*  •.  where  the  operative 
temperature  in  the  dissociation  proc'ess  Is  taken  to  be  'PTy*'*.  The  value  of  x  was  choscnl^  xs  0.5 


or  0.7,  based  on  examination  of  experiments  with  strong  shockwaves.  In  the  calculations  reported 
here  a  value  of  x=0.7  was  used. 

Vibrational  relaxation  of  the  O2  and  N2  molecules  was  accounted  for  in  the  program 
through  the  use  of  Eqs.3  and  4.  The  constants  used  to  determine  Tp  for  N2  and  O2  are  given  in 
Table  5. 


a 

b 

c 

Ref. 

N2 

1.1  X  10-11 

0.5 

154 

(13.6) 

02 

1.6  X  10-9 

0 

101.4 

(13,6) 

TABLE  5.  Vibrational  Relaxation  Parameters  for  Equation  4. 

The  vibrational  relaxation  of  NO  is  known  to  be  very  fast5»*4.15^  so  that  NO  was  taken  to 
be  in  local  vibrational  equilibrium. 

Coupling  of  vibration  and  dissociation  in  the  oxygen  dissociation  reactions  (Reactions  1  - 
3)  has  only  a  minor  effect  on  the  outcome,  since  the  vibrational  relaxation  of  O2  is  completed 
before  appreciable  NO  is  formed.  However,  coupling  has  a  strong  effect  on  Reaction  9,  where  the 
formation  of  NO  from  N2  and  O  can  be  delayed  by  the  slow  vibrational  relaxation  of  N2.  Camac  et 
al^  had  considered  this  effect,  but  concluded  that  they  could  not  obtain  information  on  coupling 
from  their  data.  However,  using  Park's^^  coupling  formula  for  Reaction  9.  with  a  value  of  x  = 
0.7,  the  NO  rise  in  the  higher-speed  shocks  is  slowed  considerably  (see  Figure  6),  giving  much 
better  agreement  in  the  high-speed  experiments  and  having  relatively  little  effect  on  the  slower 
shocks.  It  can  be  seen  that  the  coupling  is  most  important  in  Reaction  9;  when  the  coupling  is 
introduced  into  all  the  endothermic  reactions,  there  is  relatively  little  further  change,  as  shown  in 
Figure  7.  It  was  concluded  that  this  vibration-dissociation  coupling  is  a  necessary  ingredient  in  the 
explanation  of  the  observed  NO  radiation,  and  it  was  included  in  Reactions  1  through  6  and  9  in 
subsequent  calculations.  It  should  be  pointed  out  that  Monat’s  experiments  were  performed  under 
conditions  where  this  coupling  term  is  not  involved,  so  that  a  separate  check  on  this  feature  cannot 
be  obtained. 

Figure  6  demonstrates  a  marked  variation  in  agreement  for  different  N2/O2  mixtures, 
particularly  for  the  high-speed  shocks.  Because  of  the  sensitivity  of  the  calculated  radiation  to 
vibration-dissociation  coupling  in  RerKtion  9.  this  variation  could  be  related  to  the  more  effective 
vibrational  relaxation  of  N2  by  O2  and  O  as  compared  with  N2.  The  effectiveness  of  oxygen 
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molecules  in  causing  vibrational  relaxation  of  nitrogen  has  been  measured^^  to  be  some  2.5  times 
greater  than  that  of  nitrogen  molecules,  and  oxygen  atoms  have  been  reported^^  to  be  much  more 
effective  than  N2  at  lower  temperatures. 

The  computer  program  used  in  the  current  work^  was  not  capable  of  accounting  for  more 
than  one  relaxation  time  for  each  molecule,  so  that  a  direct  check  of  this  variable  was  not  possible. 
It  was  possible,  however,  to  adjust  the  single  relaxation  time  to  account  approximately  for  the  O2 
and  O  content,  by  using  an  averaged  relaxation  time  for  N2  vibrational  relaxation.  Thus  if  1^2  is 

taken  as 


no2 

1  + 

nN2 

1 

no2  +  0N2 

TN2O2 

no2  +  nN2 

'^N2N2 

(12) 


an  approximate  relaxation  time  for  the  various  C)2/N2  mixtures  can  be  obtained,  by  testing  various 
values  of  P,  where 


P  =  ^N2Q2 
tN2N2 


(13) 


The  value  used  for  tN2N2  the  one  previously  used  for  Tn2  as  given  in  Table  5.  Figure  8 
demonstrates  the  improved  calculation  for  P  =  0.3,  and  Figure  9  shows  further  improvement  for  P 
=  0.2.  All  of  the  calculated  NO  radiation  peaks  have  essentially  the  correct  maximum  value,  and 
reach  this  value  at  close  to  the  correct  time.  For  the  fastest  shocks  the  calculated  times  to  the 
maximum  are  two  to  three  microseconds  shorter  than  the  experimental  values.  It  is  not  expected 
that  this  can  be  attributed  to  the  time  response  of  the  experiment,  which  is  the  order  of  one 
microsecond. 


At  this  point  the  slower  value  of  Ao2-N2  measured  by  Jerig  et  al^^  was  again  used  in  the 
calculation  of  kr3.  The  results  are  shown  in  Figure  10.  It  can  be  seen  that  this  did  not  improve  the 
agreement,  so  the  Camac  value  was  restored  to  the  rate  model. 


After  these  adjustments  in  the  parameters  were  applied  to  the  infrared  profile  calculations 
for  the  twelve  pb=2.2S  torr  experiments,  the  same  model  was  used  to  calculate  profiles  for  the  four 
experiments  described  in  Table  2.  The  Monat^  rate  was  used,  along  with  the  coupling  factor  x  = 
0.7  and  the  nitrogen  vibration  factor  P  =  0.2.  The  results  are  shown  in  Figure  1 1.  Fur  the  4-torr 
experiments  the  calculated  radiation  profile  rises  slightly  more  rapidly  than  the  experimental  value, 
as  is  the  case  for  the  2.2S-torr  experiments,  but  produces  essentially  the  correct  profile  and 
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maximum  intensity.  The  two  1-torr  experiments  may  show  some  effect  of  boundary  layer  growth 
in  the  shock  tube,  which  tends  to  distort  the  time  scale  of  the  recorded  profile^.  However,  the 
general  pattern  and  scale  of  the  radiation  is  reproduced  well,  and  the  sensitivity  of  the  radiation  to  a 
small  change  in  velocity  is  reflected  in  the  calculation. 

6 .  SUMMARY  AND  CONCLUSIONS 

A  group  of  O2/N2  shock-tube  experiments*,  wherein  the  time  history  of  the  NO  5-um 
radiation  was  measured,  have  been  studied  to  elicit  information  about  the  relevant  chemical 
reactions  which  produce  the  radiation.  The  experiments  covered  a  range  of  O2/N2  mixtures,  and  a 
velocity  range  from  3  to  4  km/sec;  the  initial  pressure  in  the  shock  tube  was  2.25  torr,  with  a  few 
experiments  at  1 .0  and  4.0  torr,  covering  an  altitude  range  of  36  to  46  km. 

It  was  found  that  the  calculated  radiation  was  sensitive  to  the  rates  used  in  the  Zeldovich 
mechanism  for  NO  formation,  and  that  the  rate  measured  by  Monat  et  al^  for  the  reaction  of  N2  and 
O  in  forming  NO  and  N  permits  calculation  of  important  features  of  the  observed  radiation. 
Vibradonal  relaxation  of  N2,  and  the  coupling  of  this  relaxation  with  the  N2+O  reaction,  modifies 

the  reaction  rate  in  an  important  way  for  experiments  in  this  velocity  and  density  range.  The 
translational  temperature  T  was  replaced  by  in  the  reaction  rate  equation.  It  was 

concluded  that  this  coupling  effect  must  be  included  in  shocked-air  calculations. 

After  these  corrections,  the  NO  intensity  profiles  still  showed  an  unexplained  dependence 
on  the  O2/N2  mixture  ratio.  It  was  found  that  consideration  of  the  dependence  of  the  N2  vibrational 
relaxation  rate  on  the  relative  amounts  of  O2  and  N2  that  are  present,  and  the  subsequent  vibration- 
dissociation  coupling,  improves  agreement  between  calculation  and  experimenL 

The  recent  experimental  results  of  Jerig  et  al*®  on  the  dussociation  rate  of  O2  by  collision 
with  N2  cannot  provide  a  clear  comment  on  the  correct  value  of  kf3. 
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FIGURE  1.  CHARACTERISTIC  HISTORY  OF  NON-EQUILIBRIUM  INFRARED  RADIATION  INTENSITY 


ISmmAuj  ;1j    1  V,  -  3.26  mmAis  J  .  .‘I   .  V,  -  3.24  mmAu 


(RUN  NIMBER  IN  IUC»T  CORNER  OF  EACH  PLOT  PROVIDES  REFERENCE  TO  FULL-SCALE  PROFILE  IN  APPENDIX  A.) 
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(RUN  NUMBER  IN  itK»fr  OOIU4ER  OF  EACH  PLOT  PROVIDES  REFERENCE  TO  FULL-SCALE  FRCX^  IN  APPENDIX  A.) 


FIGURE  6.  MEASURED  AND  CALCULATED  5.3  nm  INTENSITY  PROFILES 


(RUN  NUMBER  IN  UPPER  RKmr  CORNER  OF  EACH  PLOT  PROVIDES  REFERENCE  TO  FULL-SCV^LE  PROFILE  IN  APPENDIX  A.) 
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FIGURE  9.  MEASURED  AND  CALCULATED  5.3  nm  INTENSITY  PROHLES 

RATES  PC»  REACTIONS:  1-8,10  CAMAC  (REF.  5) 

_ _  ^  MONAT  (REF.  9).  i.e.  2.71  TIMES  CAMACS  RATE 

VlBRATTON-DISSOaATTONC.  UPLlNG  PARAMETER. REACTIONS  1-6.9:  X=0.7 
N2  vibrational  RELAXATKX4  TIME  ADJUSTMENT  PARAMETER:  IM).2 

(RUN  NUMBER  IN  UPPER  WGHTCXJRNER  OF  EACH  PLOT  PROVIDeS  REFERENCE  TO  FULL-SCALE  PRCXTLE  IN  APPENDIX  A) 


FIGURE  10.  MEASURED  AND  CALCULATED  5.3  jun  INTENSITY  PROFILES 


(RUN  NUlhffiEX  IN  UPPER  IU(»r  CORNER  OF  EACH  PLOT  PiK}VIDE$  REFERENCE  TO  FULL-SCALE  PROFILE  iri  APPENDIX  A.) 
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APPENDIX  A 

Full-Scale  Experimental  Intensity  Profiles 
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